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Studies on Plant Bile Pigments, V I I * 
Preparation and Characterization of Phycobiliproteins with Chromophores 
Chemically Modified by Reduction 
Werner K U F E R and Hugo S C H E E R 
Botanisches Institut der Universität München 
(Received 22 December 1978/23 March 1979) 
Dedicated to Professor Dr. H. Plieninger on the occasion of his 65th birthday 
Summary: The reversible denaturation and re-
duction wi th dithionite has been studied for the 
phycobiliproteins, C-phycocyanin (1) and allo-
phycocyanin (2) from Spirulina platensis, and 
C-phycoerythrin (4) from Fremyella diplosiphon 
(both cyanobacteria). 
By treatment wi th sodium dithionite, the chromo-
phores are selectively reduced at the central (C-l 0) 
methine bridge, producing pigments w i t h bi l i -
rubinoid ( X m a x = 418 nm from 1 and 2), and 
vinylpyrrolic ( X m a x = 300 nm from 4) chromo-
phores. The extent o f reduction is dependent on 
the state of the protein. The chromophores o f 
denatured biliproteins are completely reduced at 
0.5mM dithionite. In the native pigments, dithi-
onite concentrations up to 0.5M lead only to 
partial reduction thus forming products con-
taining both reduced and oxidized chromophores 
(e.g. "phycocyanorubins" from 1 and 2). The 
reduction is non-statistical wi th respect to the 
different chromophores present in 1 and 4, the 
chromophores absorbing at shorter wavelengths 
being preferentially reduced. 
Renaturation o f the proteins containing reduced 
chromophores is accompanied by their reoxida-
t ion . This oxidation is complete in the absence 
of dithionite or at concentrations u p t o 0 . 5 m M . 
At higher dithionite concentrations, the reoxida-
t ion is incomplete, and the products are spectro-
scopically identical to those obtained by reduc-
t ion of the native pigments at similar concentra-
tions of reductant. 
The results are interpreted by a model in which 
the protein is "transparent" to the reducing agent, 
dithionite. The difference in the extent o f reduc-
t ion of the native and denatured pigments can 
only be due to thermodynamic (viz. stability) dif-
ferences in the susceptibility of the chromophores 
to reduction. 
Specifically, the (extended) chromophore present 
in the native pigment is much more difficult to 
reduce than the chromophore (present in a cyclic 
conformation) in the denatured pigment. The 
energetics o f the process o f refolding both the 
protein and the chromophores are discussed. 
Abbreviations: 
Pr, Pp - Phytochrome in the red and far-red absorbing forms, respectively; 
1 ^620 l , m t o r 1^563 u m t ' s that amount of substance in 1 ml which has an absorbance o f 1.00 in a cuvette of 
path-length = 1 cm at the indicated wavelength. 
* The V l t h Communication o f this series: Krauss, C , Bubenzer, C. & Scheer, H. (1979) Photochem. Photobiol., 
in press. 
0018-4888/79/0360-0935 $02.00 
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Untersuchungen on pflanzlichen Gallenfarbstoffen, VII: Darstellung und Charakterisierung von 
Phycobiliproteinen mit chemisch durch Reduktion modifizierten Chromophoren 
Zusammenfassung: Die reversible Denaturierung 
und Dithionit-Reduktion der Phycobiiiproteine 
C-Phycocyanin (1) und Allophycocyanin (2) aus 
Spirulina platensis und C-Phycoerythrin (4) aus 
Fremyella diplosiphon (beides Cyanobakterien) 
wurde untersucht. 
Die Chromophore werden beim Behandeln mi t 
Dithionit selektiv an der zentralen (C-10) Methin-
brücke reduziert. Dabei entstehen Pigmente mi t 
Chromophoren vom Typ des Bilirubins ( X m a x = 
418 nm bei 1 und 2) bzw. des Vinylpyrrols 
(Xmax = 300 nm bei 4). Das Ausmaß der Reduk-
tion hängt vom Zustand des Proteins ab. In den 
denaturierten Biliproteinen werden die Chromo-
phore bereits von 0.5mM Dithionit vollständig 
reduziert. In den nativen Pigmenten werden sie 
selbst von 0.5M Di thioni t nur unvollständig re-
duziert. Dabei werden Produkte gebildet, welche 
sowohl oxidierte als auch reduzierte Chromophore 
enthalten (z.B. „ P h y c o c y a n o r u b i n " aus 1 und 2). 
Die Reduktion ist nicht statistisch, bei 1 und 4 
werden bevorzugt die kürzerwellig absorbierenden 
Chromophore reduziert. 
Die Chromophore der im denaturierten Zustand re-
duzierten Biliproteine werden beim Renaturieren 
gleichzeitig wieder oxidiert. In Abwesenheit von 
Di th ioni t , oder in Anwesenheit von < 0.5mM 
Dithonit werden die Chromophore von 1 vollstän-
dig oxidiert , bei höheren Konzentrationen ist die 
Reoxidation unvollständig. Dabei werden nach 
spektroskopischer Analyse die gleichen Produkte 
erhalten, wie bei der Reduktion der nativen Bil i-
proteine mit der entsprechenden Konzentration 
an Dithioni t . 
Die Ergebnisse werden durch ein Modell erklärt , 
bei dem das Protein für das Reduktionsmittel 
durchlässig ist. Die unterschiedliche Reduzierbar-
keit erfordert thermodynamische (d.h. Stabili-
täts-) Unterschiede der Chromophore in den na-
tiven bzw. denaturierten Biliproteinen gegenüber 
Reduktion. Das bedeutet, die (ausgestreckten) 
Chromophore der nativen Pigmente sind wesent-
lich schwieriger zu reduzieren als die im denatu-
rierten Zustand vorliegenden (zyklischen) For-
men der Chromophore. Die Energetik der Protein-
faltung und -entfaltung und der Konformations-
änderungen des Chromophors werden diskutiert. 
Key words: Biliproteins, reversible chemical modificat ion, noncovalent protein-chromophore interactions, 
structure reactivity, conformation-redox potential. 
The phycobiliproteins, C-phycocyanin (1), allo-
phycocyanin (2), and C-phycoerythrin (4) are 
photosynthetic antenna pigments of cyanobac-
teria, cryptophyceae and red algae'1 ~ 7 1 . Another 
pigment of this type is phytochrome, the photo-
morphogenetic reaction center pigment o f some 
algae and higher green plants^1 > 3 S 8 » 9 i . A l l o f 
these pigments are ch romöpro te ins wi th 2,3-di-
B d . 360 (1979) Phycobiliproteins with Chemically Modified Chromophores 937 
5 = 2,3-Dihydrooctacthyl-
1,19(21,24//)-bilindionc c °0CH 3 C00CH3 
6 = Phycocyanobilin 
7 = Isophorcabilin-dimethylester COOCH, 
8 = „Phyco rub in" 
hydrobilin chromophores covalently bound to 
the protein via a thioether bond (1 - 4 ) ' 1 0 - 1 7 1 . 
In the native phycobiliproteins, the chromo-
phores also interact strongly wi th the proteins by 
non-covalent interactions. The changes brought 




10a = Bilivcrdin 
10b = Mcsobilivcrdin 
10c = Mcsobilivcrdin 
dimethyl ester 
11a = Bilirubin 
l i b = Mesobilirubin 
11c = Mesobilirubin 
dimethyl ester 
a: R = C 2 H 3 , R' = H 
b: R = C 2 H 5 , R ' = H 
c: R = C 2 H 5 , R ' = C H 3 
12 = Octaethylbilindione 
938 W. Kufer and H. Scheer Bd .360(1979) 
Table 1. Properties of native biliproteins, as compared to the properties of denatured biliproteins and free bilins. 
For a recent review of these differences, see R e f . ' 5 ' . 
Denatured biliproteins and free bilins Native biliproteins 
Absorption spectra Broad bands, 
Near UV-band: e « 4 x 1 0 4 
Visible band: e * 2 x 1 0 4 
X m a x determined by the chromophore only 
Narrow bands, 
Near UV-band: e « 2 x 1 0 4 
Visible band: e « 1 0 5 
\ r a a x influenced by the protein 
Photochemistry Radiationless deactivation predominant, 
small quantum yield of fluorescence and 
photochemical reactions 
High quantum yield of fluorescence 






Instantaneous complexation wi th Z n 2 a ' 
at ambient temperature 
Complete reduction with dithionite 
(c > 0.5mM) 
Oxidative bleaching wi th in days at 4 °C 
Inert with Z n 2 ( i ' at ambient 
temperature 
Partial reduction only wi th 
dithionite (c > 5mM) 
Stable for months at 4 °C 
shifts and intensity variations of the absorption 
bands, induction o f intense fluorescence ( in 1,2 
and 4) or changes in photochemical properties (in 
Pr and Pf?). At the same time, these interactions 
render the chromophores inert to externally ad-
ded chemical reagents' 3 ' 5!. The nature of the 
non-covalent interactions is at present only partly 
understood. From UV-vis spectroscopy, an ex-
tended chromophore has been proposed, and 
from fluorescence and low temperature absorp-
tion spectra, a rigid fixation o f the chromophore 
has been in fe r r ed ' 1 8 ' . The non-covalent interac-
tions are uncoupled by denaturation o f the pro-
tein wi th urea or heat in a stepwise process ' 1 8 ' . 
In the denatured phycobiliproteins, the chromo-
phore has spectral properties and reacts similarly 
to free bilins (Tables 1,3). Thus, unfolding wi th 
urea or guanidinium chloride has been used to 
relate the phycobilin chromophores to bile pig-
ments o f known structure and to other phyco-
bilins, and to determine the number and kind of 
c h r o m o p h o r e s ' 3 ' 5 ' 1 2 ' 1 9 " 2 1 1 . In the denatured 
state, chemical reactions used for free bilins should 
also be applicable for selective chemical modifi-
cations of the chromophore. Renaturation ex-
periments wi th phycobilins modified this way are 
expected to give more specific information on 
the nature o f the non-covalent interactions, and 
on their differences at different chromophore 
sites. We wish to report the first experiments of 
this type, in which the chromophore has been 
modified by chemical reduction. 
Materials and Methods 
Isolation and purification of biliproteins 
I and 2 were isolated from Spirulina platensis. 30 g deep-
frozen cells o f Spirulina platensis were thawed, mixed 
wi th glass beads (~ 150 g, 0.17-0.18 mm Q) and broken 
in a beaker-type cell mi l l (Model Vibrogen, Bachofer, 
Reutlingen) under water cooling for 5 min. The broken 
cells were suspended in 20 ml Tris buffer ( lOmM Tris, 
pH 8.0), and centrifuged for 30 min at 7 000 xg. The 
pellet was again extracted wi th 20 ml Tris buffer. The 
crude extract containing biliprotein was freed from 
chlorophyll by ultracentrifugation (1 h , 78000 xg,A62ol 
A2S0 = F4 ) . Half of this solution was separated on a 
2.5 x 18 cm DEAE-cellulose column (DE 52, Whatman, 
Maidstone, England) equilibrated wi th Tris buffer 
( lOmM, pH 8.0). The column was developed first wi th 
200 ml starting buffer to remove some yellow pigment, 
then with a linear gradient ( 0 - 3 0 0 m M KCl) o f 600 ml 
Tris buffer ( l O m M , pH 8.0, elution rate 150 m//h). Bili-
proteins were pooled in 3 fractions according to their 
spectral properties: 1 )2 1 (70 ml,A656 = 0.2); 2) 1 
(.125 m / , / 4 6 2 o = 6 .6 , ^620 /^280 = 3 - 7 > a n d 3 ) 1 and 2 
I I (220 m / , / l 6 2 o = 1 - 1 ^ 6 2 0 ^ 2 8 0 = 1-6). 
Fraction 1 was further purified on a 1.7 x 15 cm brushite 
c o l u m n ' 2 2 ' equilibrated with phosphate buffer (5mM, 
pH 7.5). A trace contamination o f 1 was removed with 
about 100 ml starting buffer; 2 I was then eluted with a 
linear gradient ( 5 - 5 0 m M phosphate) o f 200 ml phos-
phate buffer (pH 7.5, elution rate 50 m//h) . Fractions 
wi th ^ 6 5 6 / ^ 6 2 0 ^ 1.6 were pooled. Yield: 75 ml 2 I , 
^ 6 5 6 = 0 T , ^ 6 5 6 / ^ 2 8 0 = 3 - 4 - Fraction 2 was further 
purified by gel fi l tration on a 2.5 x 50 cm Biogel P 150 
column (Bio-Rad, Richmond, California) equilibrated 
wi th Tris buffer ( lOmM Tris, lOOmM KCl, pH 7.5, elu-
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t ion rate 10 m//h). The main fraction o f the resulting 1 
absorbed with A 2 8 0 = 4.2. Yield: 23 ml I , 
A 6 2 0 = 24. 
A l l purification steps were carried out at 4 °C. Al l buf-
fers contained I m M N a N 3 and Na4 EDTA. For storage, 
biliproteins were dialysed against twice distilled water, 
lyophil ized, and kept at - 20 °C. 
4 was obtained from Fremyella diplosiphon. Cells were 
broken with glass beads as described for 1. The crude 
extract was purified by gel f i l t rat ion on Sephadex G-100 
and subsequent chromatography on DEAE-cellulose. 
The procedure is described in detail e lsewhere ' 2 3 '. 
Modifications of biliproteins 
The experiments were carried out at room temperature. 
Stock solutions for experiments were kept at 0 °C. A l l 
solutions were saturated wi th N 2 before use, unless 
specified otherwise. 
Denaturation: 200 ßl samples of stock solutions o f the 
biliproteins in phosphate buffer (50mM, pH 7.5) were 
added to 2.0 ml urea buffer (50mM phosphate, 8M urea 
(p.a., Merck, Darmstadt), pH 7.5). In the case o f 2, 
100 til stock solution was added to 1.0 ml urea buffer. 
Denaturation was complete wi thin 10 min. 
Chemical modification: Solid sodium dithonite (tech-
nical, Merck, Darmstadt) was added to the solution of 
the denatured biliprotein to a final concentration of 
5 to 50mM. For lower concentrations o f the reductant, 
portions o f a freshly prepared solution of dithionite 
(50mM) in urea buffer were added instead. Solid sodium 
sulfite (p.a., Merck. Darmstadt) and 2-mercaptoethanol 
(p.s., Merck-Schuchard, Hohenbrunn, distilled prior to 
Use) were added to a final concentration of 30mM and 
2M, respectively. A change of the colour from blue (1, 
2) or red (4) to yellow (1 ,2) or colourless (4) indicated 
that the reduction had occurred. Native biliproteins in 
phosphate buffer were titrated with a freshly prepared 
50mM solution of dithionite in the same buffer. For 
final concentrations > 5mM, solid sodium dithionite 
was added. 
Renaturation: For removal of urea, 1.0 ml o f the solu-
tion of the denatured biliprotein was passed through a 
1.7 x 12 cm Biogel P2 column (Bio-Rad. Richmond, 
California) equilibrated wi th phosphate buffer. Denat-
tured, chemically modified biliproteins were either 
treated in the same way ("aerobic renaturatiorT), or the 
gel filtration was carried out in the presence o f the re-
ductant at the appropriate concentration ("anaerobic 
renaturation"). 
Reoxidation of the reduced chromophores in the 
denatured biliproteins: 1.0 ml of the solution of the 
reduced denatured biliproteins was passed through a 
1.7 x 12 cm Biogel P2 column equilibrated wi th urea 
buffer (50mM phosphate, 8M urea, pH 7.5). 
Preparation and reduction of model bilins 
Bilirubin (1 la) (biochemistry grade, Merck, Darmstadt) 
was used without further purification. Mesobilirubin 
(1 lb) was prepared by catalytic hydrogenation of bi l i -
r u b i n ' 2 4 , 2 5 its dimethyl ester (11c), by reduction of 
the dimethyl ester (10c) wi th N a B H 4 ' 2 5 ' . Biliverdin 
(10a) and mesobiliverdin (10b) were obtained from the 
respective rubins by oxidation wi th 2,3-dichloro-5,6-di-
cyanobenzoquinone ' 2 5 1, using parti t ion between dich-
loromethane and water during the work-up procedure. 
Mesobiliverdin dimethyl ester (10c) was prepared from 
mesobiliverdin by ester if ication with B F 3 / m e t h a n o l ' 2 5 l 
OctaethyI-1,19 (21,24//)-bilindione (12) and 2,3-dihy-
drooctaethyl-1,19 (21,24//)-bilindione (5) were syn-
thesized from o c t a e t h y l p o r p h y r i n ' 2 6 ' 2 7 ' . 
The verdins ( ^ 0.5mM) were reduced with sodium di-
thionite and sodium sulfite (10 mg/2 ml) in a mixture 
of methanol/water = 1 : 1 . For workup, the yellow solu-
tions were partitioned between CHCI3 and glycine/HCl 
buffer, pH = 2.7, in the case of free acids, saturated with 
( N H 4 ) 2 S 0 4 ' 2 8 1 . The organic phase was dried over NaCl 
and evaporated to dryness. A l l reductions including the 
work-ups were carried out under N 2 . 
Thin-layer chromatography of the products was carried 
out on silica HPTLC plates (Merck, Darmstadt) wi th two 
published solvent s y s t e m s ' 2 9 ' 3 0 ' and wi th a system con-
sisting of the upper phase of a mixture toluene/acetic 
acid/water, 5 : 5 : 1 . In addition, polyamide 11 F 254 
plates (Merck, Darmstadt) were used wi th the solvent 
systems of Petryka and W a t s o n ' 2 9 ' . For the reduction 
experiments with 2-mercaptoethanol (2.5M), methanol 
was used as a solvent. Work-up by parti t ion between 
CCI4 and water resulted in (partial) reoxidation of the 
yellow pigments to green verdins. 
General methods 
Gel electrophoresis was performed by the method of 
Wagenmann ' 3 1 ' , in 10-cm diameter 0.6 cm gels, {l.lr/< 
Polyacrylamide, 2.69^ crosslinker) wi th a Tris gel buffer 
(pH 8.8) and a Tris/glycine electrode buffer (pH 8.3), 
for 3 h wi th 3 mA/gel tube at 4 °C. 
UV-vis spectra were determined wi th a model DMR 22 
spectrophotometer (Zeiss, Oberkochen). The extinction 
coefficient determined by Glazer and F a n g ' 2 1 ' for urea-
denatured 1 in the cationic form (pH 3.0) was used as a 
standard for all extinction coefficients of other 1 forms 
and pigments derived thereof. 2 contains the same 
chromophore as i , so the extinction coefficient for 1 
denatured wi th acidic urea was used for 2 denatured 
wi th acidic urea and pigments derived thereof. The ex-
tinction coefficient determined by Mückle and Rüdi-
g e r ' 2 3 ' for 4 denatured wi th acidic urea was taken as 
a standard for the 4 samples. 
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Redox potentiah were determined with a model EA 259 
Pt/AgCl electrode (Metrohm, Filderstadt), or by the use 
of the redox indicator dyes 5-methylphenazinium me-
thylsulfate (E0' = + 8 m V ' 3 2 l , iMerck, Darmstadt), 
indigo bissulfonate (E0' = - 125 m V ' 3 2 ' , Riedel de 
Haen, Seelze), and methylviologen (E0' = - 440 m V ' 3 2 ', 
Riedel de Haen, Seelze). 
Results 
Denaturation-renaturation (paths [a] and [b] in 
reaction scheme, Fig. 1) 
Denaturation of the biliproteins is complete at 
urea concentrations > 7M . The spectra obtained 
for all denatured biliproteins were identical, ir-
respective o f the denaturation procedure, e.g. 
mixing of the native pigment wi th urea solutions 
of appropriate concentrations, or addition of 
solid urea. The products o f denaturation by 
hea t ' 1 8 ' or guanidinium chlor ide^ 2 0 ' have the 
same UV-vis spectra, while denaturation wi th 
sodium dodecylsulfate yields a spectroscopically 
different p r o d u c t ! 2 3 ' 3 9 ! . The pigments can be 
renatured either by d i a ly s i s ' 5 ' 4 0 ' against buffer 
or by gel f i l t rat ion over a desalting column. Since 
the chromophores of the denatured pigments are 
unstable, gel f i l t ra t ion, the more rapid procedure, 
was used throughout. 
Phycocyanin 4. ' 1 native 
X max = 62 0 nm 
3 Type A chromophores 
5xiQ~3 M dithionite (g) "Phycocyanorubin" 
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5 x 1 0 ' * M 
8M 
urea, 
5x10" 3 M 
dithionite 
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Biogel P 2 "anaerobic" 
5x 
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X max = 418 nm 
3Type C chromophores 
0> 
Type A Type B TypeC 
Fig. 1. Reaction scheme of the reversible denaturation-renaturation and reduction-oxidation reactions carried out 
wi th 1 from Spirulina platensis. 
The chromophore structures are schematic representations wi th the substitutents omitted (see formulas). Structure A 
is representative of an extended conformation without major steric hindrance o f the jö-pyrrolic substitutents. Struc-
ture B is the porphyrin-typc conformation found for biliverdins both in the c r y s t a l ' 3 3 ' and in s o l u t i o n ' 3 4 , 3 5 ' . Struc-
ture C has been drawn with the two dipyrromcthene units nearly perpendicular to each other, similar to the X-ray 
structures found for b i l i r u b i n s ' 3 6 , 3 7 ' . Similar schemes can be drawn for the reactions o f 2 and 4, wi th the follow-
ing exceptions: a) The rcnaturation of 2 docs not yield native 2 directly, but rather an intermediate (see text), 
b) The structure o f the reduced chromophore o f 4 corresponds to that shown in formula 9. Due to interference of 
the 300 nm band o f this chromophore with the absorption o f the dithionite solution, the presence o f a pigment with 
"mixed" chromophores can only be inferred from the decrease in the 560 nm band o f native 4 in the presence of di-
thionite (Fig. 6). c) The conformation of native 4 may be extended, by analogy to that of native 1 ' 3 ' . The data available 
by molecular calculations indicate, however, a less pronounced dependence o f the oscillator strengths o f the confor-
m a t i o n ' 3 8 ' . 
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Table 2. Yields of native 1 and 4 after the various treatments shown in Fig. 1. 
The % yield was calculated from the volume x absorption of the given solution compared to that o f the starting 
solution (row 1). 
Treatment Compound 1 Compound 4 
^ 6 2 0 
uni t s 3 [%1 
^ 5 6 3 
un i t s 0 l%] 
1) Native orginal sample 0.835 100 0.850 100 
2) Biogel P2 fi l t rat ion 0.72 87 0.61 72 
3) Denatured, renatured over Biogel P2 0.60 72 0.48 57 
4) Denatured, reduced with 0.5mM dithionite, aerobically 
renatured c 
0.40 48 0.39 45 
5) Denatured, reduced wi th 0.5mM dithionite, anaerobically 
renatured d 
0.41 50 0.20 24 
6) Denatured, reduced wi th 5mM dithionite, aerobically 
renatured 0 
0.41 49 - -
7) Denatured, reduced wi th 5mM dithionite, anaerobically 
renatured e 
0.33 39 - -
8) Native, reduced wi th 5mM d i th ion i te f 0.59 71 0.42 49 
t 1 ^ 6 2 0 u m t corresponds to 3.4 nmol of native 1/m/, or 3.4/uM. 
1/4 5 6 3 unit corresponds to 1.8 nmol o f native 4/m/, or 1 . 8 M M . 
c Renaturation over Biogel P2 in the absence o f dithionite. 
Renaturation over Biogel P2 in the presence o f 0.5mM dithionite. 
® Renaturation over Biogel P2 in the presence of 5mM dithionite. 
See Fig. 3 for the yield wi th other dithionite concentrations. 
At the concentration used throughout this study 
(3JUM), denatured 1 was recovered in 72% yield* 
by gel f i l t rat ion. (Table 2). Native 1 gave a recov-
ery of 87% when passed through a desalting 
column under identical conditions, providing an 
estimate of losses due to irreversible absorption 
on the column and losses during the denatura-
tion/renaturation sequence. The corresponding 
values for 4 (1 . 5 / IM ) were 57% (denatured/rena-
tured) and 72% (native). Both for 1 and 4, the 
renatured pigments were identical to the respect-
ive native pigments, i f judged from UV-vis spectra. 
The renaturation product o f 2 (starting solutions = 
1.5/iM) resembled spectroscopically native 1 
rather than native 2, in having an absorption band 
at 620 nm instead o f 656 nm. Subsequent incu-
bation at 35—40 °C led to a progressive rise o f a 
narrow absorption band at 656 nm wi th in 3 h. 
Even at this stage, however, the value of A656/ 
^ 6 2 0 = 1 — ( a s compared to 1.8 for native 2) still 
indicated only partial renaturation (see discussion). 
* A l l yields are calculated from the extinction of the 
visible band at 620 nm for 1 and 563 nm for 4. For 
details, see experimental part. 
Due to these spectral changes after passage through 
the gel-filtration column, quantification o f the 
results is less certain than for 1 and 4. 
Reduction of native phycobilins (Path [g] in the 
reaction scheme) 
Titrat ion of native 1 wi th sodium dithionite led 
to a gradual decrease in the band at 620 nm, and 
a simultaneous increase o f a band at 418 nm 
(Fig. 2) wi th an isosbestic point at 483 nm. Native 
1 has an extinction coefficient o f 98700 for one 
chromophore at 620 nm. Assuming a 1:1 con-
version, an extinction coefficient for the absorp-
tion of the reduced chromophores at 418 nm can 
be calculated from the t i t rat ion experiment. By 
using the integrated intensity or the extinction o f 
the 620 nm band as a standard, values o f 20500 
or 23300, respectively, were obtained. The con-
version occured at dithionite concentrations be-
tween 0.5 and 5mM . From experiments w i th indi-
cator dyes, this brackets a range of redox poten-
tials > + 8 m V (5-methylphenazinium methyl-
sulfate) and < - . 4 4 0 m V (methyl viologen). The 
spectrum remained essentially unchanged at con-
centrations up to 50mM. 
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Fig. 2. UV-vis absorption spectra of the t i t ra t ion of 
2.2 ml 3/uM native 1 in 50mM phosphate buffer, pH 7.5, 
wi th 50mM sodium dithionite. 
The traces correspond to the following di thionite con-
centrations (total volume after addition o f di thionite in 
parentheses): 
1) 0M, 2) 0.45mM (2.22 ml), 3) 1.3mM (2.26 ml), 
4) 2.2mM (2.3 mZ), 5) 4.2mM (2.4 ml). 
The spectra are not corrected for d i lu t ion . The increased 
absorption at X < 400 nm is due to the absorption o f 
the dithionite solution. 
cdit. I W I 
Fig. 3. Decrease in the absorption ( A / l 6 2 o ) ° f t n e long 
wavelength band at 620 nm of native 1 in the presence 
of increasing concentrations o f sodium dithionite (c^it .)• 
by 26%, and a new band appeared as a shoulder 
at 420 nm, wi th an isosbestic point at 533 nm 
(Fig. 5). In this case, the peak shape in the dif-
ference spectrum is only slightly different from 
that of the absorption band of the native pigment. 
During the t i t rat ion of native 4, the integrated 
intensity of the 563 nm band decreased by 50% 
(5mM dithionite) , w i th no corresponding rise in a 
band in the visible spectral region (Fig. 6). Similar 
to the findings for 1, the peak in the difference 
spectrum does not coincide w i t h the absorption 
maximum of 4, but is blue-shifted to 556 nm 
(Fig. 7). 
A t higher concentrations, there was even a slight 
increase of the extinction at 620 nm (Fig. 3) , 
possibly due to a salt effect.* At a di thionite con-
centration of 5 x 1 0 ~ 2 M , a maximum decrease 
of the integrated intensity o f this band o f 45% 
was observed. The decrease was larger, however, 
at the short than on the long-wavelength side o f 
the band. This effect is more easily seen in the 
difference spectrum (Fig. 4) , which has a large 
negative double peak in the red region ( A m a x = 
616, 596 nm) and the corresponding positive 
peak at 427 nm. 
When native 2 was treated wi th 5mM dithionite , 
the integrated intensity of the red band decreased 
* The extinction coefficient ( ^ 6 2 o ) o f 1 was unaltered 
in 1M NaCl, although a distinct change in the shape o f 
the band indicated a change in the state o f the protein, 
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Fig. 4. UV-vis difference spectrum: absorbance of 
native 1 in the presence of 5mM sodium dithionite, 
minus the absorbance o f native 1 (concentration as in 
F i g . l ) ( ). 
For comparison, the spectrum of the reduced pigment 
is shown in the upper trace ( ). 
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Fig. 5. UV-vis absorption spectra of the t i t rat ion of 
1.2 ml 3/iM native 2 in 50mM phosphate buffer, pH 7.5, 
wi th 50mM sodium dithionite. 
The traces correspond to the following dithionite con-
centrations (total volume after addition o f dithionite in 
parentheses): 
1) 0M, 2) 0.82mM (1.22 ml), 3) 1.2mM (1.23 ml), 
4) 2mM (1.25 ml), 5) 2.8mM (1.27 ml), 6) 3.8mM 
(1.30 ml). 
The spectra are not corrected for di lut ion. The increased 
absorption at \ < 400 nm is due to the absorption of 
the dithionite solution. 
Reduction of denatured phycobilins (path [c] in 
the reaction scheme) 
Addit ion of dithionite to denatured 1 resulted in 
a bleaching o f the absorption band at 602 nm. A 
new band appeared instead around 415 nm, and 
isosbestic points were observed at 446 and 379 nm 
(Fig. 8). A t high concentrations of the reductant, 
the spectrum of the reduced pigment was red-
shifted (dashed line). From the extinction coef-
ficient o f denatured 1 (Table 3), the extinction 
coefficient of the reduced pigment was calculated 
to be 25 500 at X m a x = 4 1 8 n m . 
The reaction was complete at dithionite concen-
trations > 0.5mM within 20 min at ambient 
temperature. The spectrum did not change at 
higher dithionite concentrations, but the reaction 
was accelerated. At a concentration of 5mM, it 
700 600 500 400 
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Fig. 6. UV-vis absorption spectra of the t i t ra t ion of 
2.2 ml 1.5MM native 4 in phosphate buffer (50mM, 
pH 7.5) wi th 50mM sodium dithionite. 
The traces correspond to the following dithionite con-
centrations (total volume after addition of dithionite in 
parentheses): l ) 0M, 2) 0.45mM (2.22 ml), 3) 0.89mM 
(2.24 m/), 4) 1.3mM (2.26 m/), 5) 1.8mM (2.28 m/), 
6) 2.2mM (2.30 m/), 7 ) 4 . 2 m M (2.40 m/). The spectra 
are not corrected for di lut ion. The increased absorption 
at A. < 400 nm is due to the absorption of the dithionite 
solution. 
AA 
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Fig. 7. UV-vis difference spectrum: absorbance of 
native 4 in the presence of 5mM sodium dithionite, 
minus the absorbance of native 4 (concentration as in 
Fig. 6) ( ). 
For comparison, the spectrum of the reduced pigment 
is shown in the upper trace ( ). 
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Fig. 8. UV-vis absorption spectra of the t i t rat ion o f 
2.5 ml 9juM denatured 1 in 50mM, phosphate buffer, 
pH 7.5, containing 8M urea wi th 28mM sodium di-
thionite. 
The traces correspond to the following dithionite con-
centrations (total volume after addition of dithionite 
in parentheses): 
1) 0 M , 2) 0.1 I m M (2.51 ml), 3 min after addition, 
3) same, 10 min after addition, 4) 0.22mM (2.52 ml), 
10-min after addition, 5) ( ). 0.44mM (2.54 m/), 
10 min after addition, 6) baseline. The traces are not 
corrected for di lut ion, the dilution factor for trace 5 is 
1.016. 
100-1 
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Fig. 9. UV-vis absorption spectra of 1.1 ml l.SpM 
denatured 2 in 50mM phosphate buffer, pH 7.5, con-
taining 8M urea ( — —) and o f the same solution in the 
presence of 0.5mM sodium dithionite ( ). 
Total volume after addition of dithionite 1.11 ml. 
was complete wi th in the time required for mix ing 
the solution. The slow reduction wi th only a 
small excess o f dithionite was paralleled by the 
t i t rat ion of mesobiliverdin I X a under anaerobic 
conditions.* There was no simple stoichiometric 
relation between the amount of added dithionite 
and the amount o f biliverdin reduced. The reduc-
t ion was slow in the presence o f about equimolar 
amounts o f dithionite, and accelerated wi th an 
increasing excess. This effect, which may reflect 
a kinetic barrier or side reactions of the dithionite 
! 4 1 ' 4 2 ' has precluded the measurement of a redox 
potential between the verdinoid and rubinoid 
pigments. 
Treatment o f denatured 1 w i th sodium sulfite or 
2-mercaptoethanol led to spectroscopically similar 
products (X m ax = 4 1 8 nm). At a sodium sulfite 
concentration of 0.5mM or a 2-mercaptoethanol 
concentration of 2M , the absorption at 602 nm 
decreases by 90% wi th in 15 min at ambient 
temperature, w i th a simultaneous increase at 
418 nm. In spite o f their spectral similarities, 
however, the products are different for the three 
reducing agents (dithionite, sulfite and 2-mercap-
toethanol), as inferred from similar experiments 
wi th free bilins (see below). 
<- \ [nm] 
Fig. 10. UV-vis absorption spectra o f 1.5juM denatured 
4 in 50mM phosphate buffer, pH 7.5, containing 8M 
urea ( ), and o f the same solution in the presence 
of 0.5mM sodium dithionite ( ). 
The dashed trace was obtained by adding a stock solu-
t ion of 4 to the urea dithionite buffer. I t is corrected 
for di lut ion and the absorption of dithionite at 
\ < 400 nm. 
* We thank Dr. L . Fox. Austin (on leave at the Max-
Planck-lnstitut für Biochemie, Martinsried) for perform-
ing this experiment. 
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Table 3. Extinct ion coefficients o f denatured 1 and 2, o f the model bil in 5, and of the ethylidenebilin 6, obtained 
by cleavage in refluxing methanol and subsequent esterfication. 
Red band 
*max Ü 0 - 3 x e) 
Near UV band 
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a Value for denatured I in the cationic form, taken from R e f J 2 1 1 . Al l other extinction coefficients o f 1 from 
Spirulina platensis were calculated relative to this standard. 
b The value was taken identical to that of denatured 1 in the free base form. 
The reduction product of denatured 2 was spec-
troscopically identical to that o f denatured 1 
(Fig. 9). With 4, the reduction product had an 
absorption band around 300 nm (Fig. 10). As 
dithonite solutions absorb strongly at shorter 
wavelengths (footnote p. 951), the determination 
of the extinction coefficient was less accurate in 
this case, and only arbitrary units are given on 
the ordinate of Fig. 10. 
Reduction of model bilins 
Reduction experiments were carried out w i th 
biliverdin (10a), mesobiliverdin (10b) and its di-
methyl ester (10c), w i th (12) and wi th (5) as a 
model for the chromophores of 1, 2 a n d / V 
Treatment of the verdins wi th sodium dithionite, 
sodium sulfite and 2-mercaptoethanol resulted in 
yellow products spectroscopically similar to the 
corresponding authentic rubins (1 la—11c) (Ta-
ble 4). Comparison by thin-layer chromatography 
in different solvent systems (Table 4) demon-
strated the identity of the dithionite reduction 
products o f biliverdin, mesobiliverdin and its di-
methyl ester with the authentic rubins. In con-
trast, the products obtained wi th sodium sulfite 
were shown to be different from the rubins by 
thin-layer chromatography. The products ob-
tained wi th either dithionite or sulfite remained 
yellow upon acidification w i th HCl. I f the yellow 
products obtained after treatment wi th 2-mercap-
toethanol were acidified, the solutions turned 
green. Their UV-vis spectra became identical to 
those of the cationic forms of the respective 
verdins, except for biliverdin, from which a prod-
uct wi th the long-wavelength absorption maximum 
shifted by 21 nm to the blue (as compared to the 
cation o f biliverdin) was obtained (Table 4) . At-
tempts to isolate the products obtained wi th 
2-mercaptoethanol were unsuccessful, because 
of their instability after removal of the th io l . For 
this reason, no thin-layer chromatography data 
are available for these products. 
Aerobic renaturation of the reduced phycobilins 
(path [i] in the reaction scheme) 
Chromatography of reduced, denatured 1 on 
Biogel P2 to remove the urea led to the reap-
pearance o f the blue phycocyanin colour after 
passage of the first quarter of the column. The 
eluent contained native 1, as judged from its 
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Table4. UV-vis spectra (Xmax [nm| ) and thin-layer chromatography data (Äp x 100) determined for several 
1.19 (21 , 24//)-bilindiones ("biliverdins") and their reaction products wi th sodium dithionite, sodium sulfite and 
2-mercaptoethanol. 
Details wi l l be published elsewhere after completion of this study. 
Compound + treatment ^max I n m | Chromatography (Z? re-
solvent system 
values x 100) 
Free base After addition 
of HCl 
g h i > k 
Biliverdin (10a) 6 6 0 a ; 6 5 6 b 6 9 7 a 81 06 00 _ 00 
Bilirubin (1 la) 454C; 449/418 (sh) d 458/484 d > f 67 00 62 1 - 50 1 
10a, dithionite-treated 4 1 8 b ; 4 5 4 c ; 4 0 5 / 4 3 2 d ' f 4 0 2 / 4 2 8 d ' f _P 00 6 2 ! ' n - 5 0 1 ' " 
10a, sulfite-treated 4 0 5 c ; 403/444 d > f 404/43 l d ' f 88 00 00 - 00 
10a, 2-mercaptoethanol-
treated 
436/416 (sh) a 6 7 6 a unst. unst. unst. - unst. 
Mesobiliverdin (10b) 6 4 4 a ; 6 5 7 - 6 7 0 d 6 8 8 a ; 6 9 0 d 80 _ 01 03 
Mesobilirubin ( l i b ) 4 2 4 / 3 9 8 d ' f 4 2 0 d 65 6 6 m 6 9 m 
10b, dithionite-treated 4 1 4 / 3 9 8 d ' f 418/392 d > f 65 6 6 m 6 9 m 
10b, sulfite-treated 4 2 0 / 3 9 3 d ' f 4 2 0 / 3 9 6 d ' f 90 0 4 m , n 0 2 m 
10b, 2-mercaptoethanol-
treated 
4 2 2 a 6 8 8 a unst. - unst. unst. -
Mesobiliverdin-(OMe) 2 (10c) 20 _ 41 23 _ 
Mesobilirubin-(OMe) 2 ( l i e ) 10 - 29 59 _ 
10c, dithionite-treated 10 - - - -
10c, sulfite-treated 67 - 0 5 m 0 7 m -
10c, 2-mercaptoethanol-
treated 
unst. - unst. unst. -
Dihydrooctaethyl-
bilindione (5) 
5 9 6 a 6 6 7 a 
5. dithionite-treated 3 9 8 d ; 4 0 6 e 3 9 8 d 
5, 2-mercaptoethanol-
treated 
4 1 0 a 6 6 7 a 
Octaethylbilindione (12) 6 4 6 a 6 9 0 a 
12, 2-mercaptoethanol-
treated 
4 2 6 a 6 9 0 a 
A in MeOH. 
" in 50mM phosphate buffer/8M urea, pH 7.5. 
c. i n C H C l 3 . 
d i n M e O H / H 9 0 1:1 (v/v). 
e in MeOH/50mM phosphate buffer, pH 7.5, 1 : 1 (v/v). 
Two poorly resolved bands were observed wi th the following absorption ratios: bi l irubin in HCl, 1.02; 
dithonite-treated biliverdin as free base, 1.11, in HCl, 1.11; sulfite-treated biliverdin as free base, 1.40, in HCl, 1.04. 
Mesobilirubin 1.18; dithonite-treated mesobiliverdin as free base, 0.97, in HCl. 0.84; sulfite-treated mesobiliverdin 
as free base, 0.83, in HCl, 1.21. 
8 Polyamide, MeOH/10% N H 3 / H 2 0 9 : 1 : 2 (v/v)l29J. 
h Polyamide, M e O H / H 2 0 3:1 (v/v)(29J. 
! Silicagel, benzene/abs. ethanol 100:8 ( v / v ) ! 2 9 ' . 
J Silicagel, toluene/acetic acid/water 5 : 5 : 1 upper phase. 
k Silicagel, chloroform/acetic acid 1% ( v / v ) [ 3 ^ l . 
Two further minor spots were detected on the plate: /?p 57, 67 1 , /?p 4 1 , 6 0 k . From this pattern, they are sug-
gested to correspond to the bil irubin I l i a and XHIa isomers. They were present only in very small quantities in the 
commercial bi l i rubin, but could be well detected in the dithionite reduction product of biliverdin, probably due to 
"scrambling" condi t ionsf 4 3 1 during the preparation o f the pigment. 
m Besides the main product, some unidentified minor spots were detected. 
n Some unidentified material remained at the start. 
p R{? value undetermined due to extensive tailing. 
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spectral and electrophoretic properties. The UV-
vis spectrum was identical to that o f an authentic 
sample, in particular the asymmetric red band 
wi th a peak at 620 nm and a shoulder at shorter 
wavelengths is restored, and there was no absorp-
tion band in the 4 0 0 - 5 0 0 nm region (Fig. 11). 
Likewise, co-electrophoresis w i th native 1 gave 
only one single band. The overall yield of the se-
quence denaturation — reduction — renaturation 
was 50% (A62o)- I f this "cycled" pigment was 
again denatured wi th urea, it gave an absorption 
band at 602 nm (661 nm after addition of HCl), 
as did denatured 1. Renaturation of reduced, 
denatured 4 was accompanied by a similarity 
rapid reoxidation to yield native 4 in 45% yield 
( ^ 5 6 3 ) - The renatured pigment was identical to 
native 4 w i t h respect to UV-vis spectra (Fig. 12), 
and electrophoretic properties. The denaturation 
product of the "cycled" 4 was spectroscopically 
identical to denatured authentic 4, both in the 
cationic fo rm (X m ax = 559 nm) and as free base 
(Xmax = 525 nm). 
Desalting o f the reduced, denatured 2 again did 
not lead to the original pigment, but rather to a 
<- K [nm] 
Fig. 11. UV-vis absorption spectra o f "cycled" samples 
of 1. 
Reduced, denatured 1 (= denatured phycorubin) was 
renatured by f i l t rat ion over Biogel P2 either "aerobical-
l y " ( ) or "anaerobically" in the presence of 
5mM sodium dithionite ( ). 
700 600 500 400 
«- \ [nm] 
Fig. 12. UV-vis absorption spectra of "cycled" samples 
of 4. 
Reduced, denatured 4 was renatured by fi l trat ion over 
Biogel P2 either "aerobically" ( ) or "anaerobical-
l y " in the presence of 0.5mM dithionite ( ). 
product spectroscopically similar to the one ob-
tained after renaturation o f 2 (see above). 
The spectral changes upon incubation at 3 5 - 4 0 °C 
gave a similar picture, w i th a new peak gradually 
rising at 656 nm and practically no decrease in 
the 620 nm absorption (Fig. 13). Electrophore-
tically, the incubation product was identical to 
native 2. Thus, in the case of 2, too, renaturation 
700 600 500 400 
X [nm] 
Fig. 13. UV-vis absorption spectra of "cycled" 2. 
Reduced, denatured 2 (= denatured allophycorubin): 
( ) , sample renatured "aerobically" by fi l trat ion 
over Biogel P2. ( ), the same sample after incubation 
for 3 h at 30 °C. 
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of the reduced, denatured 2 was accompanied by 
a rapid reoxidation of the chromophores. The 
yield of the 620 nm product was comparable in 
both cases. Denaturation o f the "cycled" 2 
yielded a pigment spectroscopically identical to 
denatured 2 in the free base ( X m a x = 602 nm) 
and its cationic form ( X m a x = 662 nm). 
Anaerobic renaturation of the reduced phycobilins 
(path \f] in the reaction scheme) 
For renaturation under reducing conditions, re-
duced 1 was passed over a Biogel P2 column 
previously equlibrated wi th dithionite, under 
conditions maintaining the redox potential 
< - 440 mV (5mM dithionite) as checked in each 
case for the eluent at the end of the column w i t h 
methylviologen. The resulting pigment was not 
blue but bluish-green, wi th absorption bands at 
620 and 418 nm in the spectrum (Fig. 11)*. The 
product was stable at the low redox potential 
over extended times. When stored in air, the 
redox potential o f the solution increased wi thin 
12 h due to the oxidation o f dithionite. Under 
these conditions, the band at 418 nm gradually 
decreased, wi th a simultaneous increase in the 
shoulder around 600 nm. I f the bluish-green 
pigment ( X m a x = 620 and 418 nm) obtained after 
anaerobic renaturation was again denatured wi th 
urea, but without further addition o f dithionite, 
(path [e] in the reaction scheme), the colour 
turned immediately to yellow. The resulting pig-
ment had a single absorption band at 418 nm 
identical to that o f reduced, denatured 1 (trace 5 
in Fig. 8). 
The spectrum of the bluish-green product was 
similar to that obtained after treatment of native 
1 w i th dithionite. The concentrations o f dithi-
onite necessary to obtain this species were in the 
same range, too. Renaturation in the presence of 
low dithionite concentrations (0.5mM) yielded 
native 1, as under aerobic conditions (path [ i ] in 
the reaction scheme). Quantitatively, the inten-
sity of the blue band is 39% of that o f the native 
1 used for the reaction sequence (Table 2). As the 
control experiment gave a recovery of 49%, the 
former value corresponds to a corrected recovery 
* Qualitatively similar results were obtained, if dena-
tured 1 treated with 2-mercaptoethanol or sodium sulfite 
is renatured in the presence of the respective reagents. 
of the blue absorption o f 79%. The band around 
418 nm would then correspond to the remaining 
2 1 % . 
Renaturation of denatured 2 in the presence o f 
5mM dithionite led again to partial reoxidation. 
The resulting pigment still contained chromo-
phores absorbing at 418 nm, and in addition the 
chromophores o f freshly renatured 2 absorbing 
at 620 nm (see above). The maintenance o f the 
low redox potential during renaturation was as-
certained as in the 1 experiment described above. 
The renaturation of reduced, denatured 4 in the 
presence of 0.5mM dithionite gave only partial 
recovery of the absorption at 563 nm (Fig. 12). 
This demonstrated for 4, too, a reoxidation o f 
chromophores under reducing conditions. Due to 
the interference from the dithionite solution at 
X < 400 nm, it could not be established whether 
the low yield o f the 563 nm absorption was due 
to part of the chromophores being still in the 
reduced state ( X m a x = 300 nm), or to irreversible 
denaturation processes. The low redox potential 
o f the eluent was again ascertained as described 
above. 
Reoxidation of reduced denatured biliproteins 
(path [d] in the reaction scheme) 
Dithionite was removed from a solution o f dena-
tured 1 reduced with dithionite ( X m a x =418 nm) 
by gel f i l t rat ion on a Biogel P2 column equilibrat-
ed wi th 8M urea (or by dialysis against 8M urea). 
Under these conditions, the pigment is reoxidized 
to denatured 1 ( X n i a x = 602 nm) in the last quar-
ter of the column (by dialysis for 1 h). Similar 
results were obtained wi th 2 and 4. I f these ex-
periments were carried out in the presence of 8M 
urea/0.5mM dithionite. the pigments remained 
reduced. 
Discussion 
Denaturation-renaturation (paths [a] and [b] in 
the reaction scheme). 
The non-covalent interactions between the pro-
teins and the chromophores can be abolished by 
denaturation of the protein. The spectral prop-
erties of 1 from Spirulina platensis denatured by 
heat or by urea are nearly ident ica l ' 1 8 K They are 
similar, too, to that of a model pigment, dihydro-
octaethylbilindione (5), which contains the same 
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conjugation system as l ' 1 9 l . In particular, the 
posit ion and extinction coefficients of the free 
base (pH = 7.5) and the cation (pH = 3) are 
nearly identical to the respective values of the 
model bi l in (Table 3). A residual influence o f the 
protein in the denatured state had been inferred 
ea r l i e r ! 2 l l from a comparison wi th phycocyano-
bil in 6 5 5 ' 4 4 ' (= phycobi l iverdin ' 1 ' = ethylidene-
bi l in 6). The latter has an increased intensity o f 
the near-UV band, but from the data in Table 3 
it appears that this difference is due to the ad-
dit ional A3,3a double bond present in phyco-
c y a n o b i l i n ' 4 5 " - 4 7 ' . A similar intensity ratio Q for 
denatured 1 and 2 indicates a complete uncoup-
ling for the latter, too. For urea-denatured 4, 
complete uncoupling had been inferred by Mückle 
and R ü d i g e r ' 2 3 ' from proteolysis experiments and 
comparison with mesobilirhodin. 
Spectroscopically different denatured forms of 
phycobilins have been found after (apparently 
partial) denaturation wi th detergents like sodium 
dodecy l su l f a t e ' 2 3 , 3 9 ' . 
In the case o f 1 and 4, removal of the denaturing 
agent, urea, fully restores the original pigment 
wi th respect to the following criteria. Absorption 
spectroscopy, one o f the most sensitive tests for 
the state o f the chromophore and its environ-
men t ' 5 ' , does not show any difference between 
native and renatured 1. Furthermore, each pig-
ment was denatured again and found spectros-
copically identical to the respective denatured 
phycobilin both at pH 7.5 (free base) and pH 3 
(cation). 
With 2, the renatured pigment has an absorption 
maximum at 620 nm, which is close to that o f 
native 1, rather than to that o f native 2. This 
phenomenon was observed first by Erokhina and 
Krasnovski i ' 4 8 ' and Brown et a l . , ' 4 9 ' and has 
recently been attributed to reaggregation to the 
trimer of 2 ' 5 0 ' . Incubation in phosphate buffer 
only partly restored the spectrum of native 2, wi th 
the shoulder at 610 nm of the long wavelength 
band remaining too high in intensity. Apparently, 
reaggregation o f the subunits ' 5 0 ! is a much slower 
process in 2 than in 1 or 4, or the spectroscopic 
changes due to aggregation are less pronounced 
in the latter p igmen t s ' 3 ' 5 1 ' . 
The yields of renatured 1 and 4 are fairly low at 
the low pigment concentrations used for the 
spectroscopic studies. The yields are concentra-
tion-dependent, however, as the losses are negli-
gible at the much higher concentrations com-
monly used for desalting in preparative work. As 
the size o f the desalting column is determined by 
the urea concentration, the low yields obtained 
w i t h the dilute solutions are probably due to 
irreversible absorption. This is supported by the 
blind values obtained after f i l t rat ion o f native 
phycobilins at the respective concentrations over 
a desalting column (Table 2). To allow a quanti-
tative comparison (Table 2), all modification and 
renaturation experiments for a particular pigment 
have been carried out at the same concentrations. 
Reductions 
While the chromophores o f urea-denatured phy-
cobilins are essentially identical to those o f free 
bilins wi th the same conjugation system (see 
above), the properties o f the chromophores of 
native phycobilins are so different (Table 1) that 
any structural similarity seems unlikely at first 
sight. The reversible denaturation — renaturation 
experiments discussed above provide a solid ba-
sis, however, for these differences being exclusively 
due to non-covalent interactions between the pro-
tein and the chromophores, as they are completely 
and reversibly abolished by urea denaturation. 
Treatment wi th a reagent selectively attacking the 
chromophore is a useful approach to define these 
interactions more precisely. The reducing agents 
used in this study are such selective reagents. The 
only likely point of attack at the protein moiety 
would be disulfide bonds. These are absent in the 
phycobiliproteins of known primary structure 
( 1 6 , 5 2 1 They also appear to be absent (at least 
between the two subunits) in other phycobilipro-
teins, i f judged from the identical electrophoretic 
mobilities in the presence and absence of thiols 
1 2 2 , 5 3 , 5 4 1 
Reduction of denatured pigments and structure 
of the products (path [c] in the reaction scheme) 
Denatured 1 is reduced completely at a dithionite 
concentration of 0.5mM (Fig. 8). The same reduc-
tion product is obtained from 2, as expected, 
since the two pigments bear chromophores of the 
same molecular structure. From their absorption 
at 418 nm and their extinction coefficient and 
from model studies, the dithionite reduction 
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products of 1 and 2 are proposed to contain bi l i -
rubin type chromophores (formula 8) and have, 
therefore, been termed "phycorubins". 
Bilirubin (1 l a ) has been made on a preparative 
scale from biliverdin (10a) by reduction wi th 
alkaline d i t h i o n i t e ' 5 5 ' . More recently, the reduc-
tion of a biliverdin-iodine complex wi th sodium 
dithionite or wi th sodium borohydride has been 
reported to yield bi l i rubin, as identified by UV-
vis spectroscopy and thin-layer chromatography 
' 5 6 ' . The identity of the dithionite reduction 
product of biliverdin as bil irubin has been ques-
tioned by Foulkes et a l . ' 5 7 ' , without analytical 
data*. We have studied the reduction of biliverdin 
(10a), mesobiliverdin (10b), its dimethyl ester 
(10c), o f 12 and of the A-dihydrobil in (5) wi th 
three different reductants (Table 4) . The verdins 
yielded the respective rubins only upon reduc-
t ion wi th dithionite, as identified by UV-vis spec-
troscopy, stability under acidic conditions and 
thin-layer chromatography. By contrast, the re-
duction products wi th 2-mercaptoethanol or so-
dium sulfite had UV-vis spectra similar to those 
of the authentic rubins, but they differed in 
their stability under acidic conditions and their 
behavior in thin-layer chromatography (Table 4) . 
I t is concluded that dithonite reduction yields 
true rubins hydrogenated at C-10 and N-22, 
whereas the other reagents yield different prod-
ucts, possibly by addition rather than reduction**. 
A rubinoid structure 8 for the dithionite-reduced 
chromophores of 1 is supported by the extinction 
coefficients of the products. Mesobilirubin con-
tains two dipyrromethene chromophores, but 
structure 8 has only one identical to the rings C 
and D o f the chromophore o f mesobilirubin (10b). 
In CHC1 3 , the extinction coefficient o f the latter 
pigment (57800 at X m a x = 434 nm) is similar to 
* Biliverdin is susceptible to attack at its v inyl group(s) 
[58,591^ a n c j w e h a v e observed unidentified products of 
this spectral type after 2-mercaptoethanol reduction/ 
acid reoxidation o f biliverdin, i f judged from the blue-
shifted absorption spectrum. For the lack o f experimen-
tal data, it is difficult to judge whether the different 
results c i t e d ' 5 7 1 are due to side reactions of this type. 
The chromophores of 1 and 2 are devoid of vinyl groups. 
** Rubinoid pigments are accessible from verdinoid 
pigments not only by reduction, but also by nucleophilic 
addition, as suggested r e c e n t l y ' 6 0 - 6 1 ' , and by C-proto-
n a t i o n ' 6 2 ' 6 3 ! . See also note added in proof, p. 954. 
that o f bi l i rubin (10a) (58800 at X m a x = 
453 n m ) ' 6 4 ' . The extinction coefficient of b i l i -
rubin depends on the so lvent ' 6 4 ' and p H ' 6 5 ' 6 6 ' 
and is decreased in neutral aqueous solution 
(46700 at pH = 7 . 4 ' 6 7 ' , 46800 at pH = 8 . 0 ' 5 5 ' , 
but 55 800 in alkaline s o l u t i o n ' 6 5 ' . The extinct ion 
coefficient of 25 500 ( X m a x = 4 1 8 nm) deter-
mined for the reduction product at pH 7.5 re-
flects the decrease in the number o f chromo-
phores present in structure 8 by 50%. 
The reduction of denatured 4 also is complete at 
0.5mM dithionite. There are two possible struc-
tures for the reduction product of 4, from attack 
at either the C-5 or the C-10 methine bridge. No 
model studies have been done in this case, but 
the latter product is likely on the basis of the ab-
sorption spectrum. Reduction at C-5 would yie ld 
a dipyrromethene chromophore o f the neo-
t y p e ' 6 8 ! , an example of this class being urobil in 
wi th an absorption of the free base around 
450 n m ' 1 ' . Reduction at C-10 would yield a vinyl-
pyrrole chromophore, for which absorption 
maxima between 274 and 386 n m ' 6 9 J (depending 
on the substituent at the vinyl group) have been 
reported. Reduction of 4 w i t h dithionite gives a 
product absorbing at 300 nm (Fig. 10), suggesting 
a reduction at the C-10 methine bridge (formula 9). 
Reduction of the native pigments 
By contrast to denatured 1, the reduction o f the 
native pigments is incomplete, and requires much 
higher concentrations o f reductant. Assuming the 
same oscillator strengths for the three chromo-
phores present in the a, ß -monomer of 1, the 
integrated intensity change of the red band of 
40% indicates the reduction o f approximately 
one out of three chromophores. The question 
then arises whether this reduction is statistical or 
selective for one o f the three chromophores. The 
decreased shoulder o f the red absorption band of 
partially reduced native 1 and the correspond-
ingly blue-shifted difference spectrum against na-
tive 1 (Fig. 4) support a non-statistical reduction. 
Distinctly different absorption spectra for the 
three chromophores had been inferred earlier 
from f luorescence ' 7 0 ' 7 1 ! , fluorescence polariza-
t i o n ' 7 2 ' and low temperature absorption spectra 
[18,73^ a n c j f r o m partial denaturation studies ' 1 8 ' . 
Different primary structures at the chromophore 
sites provide a common basis for the spectral dif-
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f e r e n c e s ' 1 4 - 1 7 , 5 2 ' . The double maximum in the 
difference spectrum (Fig. 4) is, however, indica-
tive that the reduction is not an all-or-nothing 
process for any of the three chromophores, but 
that there is only a preference for the short 
wavelength forms. The reduction of native l,has 
been studied at concentrations o f dithionite up 
to 0.5M . At concentrations less than 0.5mM it is 
negligible, although this amomt o f reductant is 
already almost an order o f magnitude in excess 
of the chromophores present. An increase to 
5niM dithionite is necessary to reach a saturating, 
but still incomplete reduction. At higher concen-
trations, there is no significant further reduction. 
By contrast, the extinction of the oxidized form 
at 620 nm even increases again at a dithionite 
concentration of 0.5M , but this may be an arte-
fact due to the high salt concentrations and has 
not been analysed further. 
The absorption maximum at 418 nm suggests 
that some of the chromophores are reduced at 
the C-10 methine bridge. Thus, the point of at-
tack is the same as in the denatured pigments, 
but the reduction is more difficult . The state of 
the reduced chromophores is less certain to assess. 
The same extinction coefficient has been found 
wi th in the limits of error for the 418 nm band of 
the reduced chromophores both in the denatured 
and the native pigments. While this indicates a 
similar conformation in both cases, it appears 
from the work of Blauer and Wagniere ' 7 4 ' that 
the spectrum of bilirubin is not as strongly de-
pendent on its conformation as is that of bi l i -
v e r d i n ' 7 5 ' 7 6 ' . CD experiments are in progress to 
further clarify this point. 
The results obtained wi th 4 are similar and can be 
rationalized in the same way. 4 from Fremyella 
diplosiphon contains six chromophores ' 2 3 ' . As in 
other C-phycoerythrins, they are more difficult 
to separate spectroscopically' 3 ' than in 1. Dif-
ferent environments for each chromophore pres-
ent have been established for two phycoerythrins 
' 1 4 ' . Again assuming equal oscillator strengths for 
the chromophores, the decrease in the integrated 
intensity o f the 560 nm band corresponds to the 
reaction o f 50% of the chromophores. The dif-
ference spectrum (Fig. 7) again supports a non-
statistical reduction o f the chromophores, with 
the ones absorbing at shorter wavelengths being 
preferentially reduced. In the formalistic descrip-
t ion derived from fluorescence polarization 
da ta ' 7 0 ' , these would again correspond to the 
sensitizing chromophores. Due to the lack of 
absorption of the reduction product (9) o f 4 in 
the visible spectral range, no positive band is seen 
in the difference spectrum (Fig. 7). Measurements 
below 400 nm are obscured by the high absorp-
t ion.of the dithionite solution*. 
In 2, the decrease in the integrated intensity o f 
the absorption band at 656 nm corresponds to the 
reduction o f 26% of the two chromophores pres-
ent. The simultaneous rise o f an absorption band 
around 418 nm again supports the reduction to a 
product hydrogenated at the C-10 methine bridge, 
as in 1. As discussed above, the absorption spec-
t rum of 2 is more sensitive to the state of the 
protein than those of 1 and 4. I t is, therefore, 
surprising that the difference spectrum upon 
reduction indicates a more random reduction 
than for 1 and 4. This indicates that the chromo-
phores present in native 2 are in similar environ-
ments, at least wi th respect to reduction. This 
similarity is supported by recent fluorescence 
polarization da t a ' 7 2 ' and the sequence determina-
t i o n ' 5 2 ' o f an allophycocyanin. 
Reoxidation and renaturation of the reduced 
pigments (paths [d], [f] and [i] in the reaction 
scheme) 
The reactions of native and denatured phycobilins, 
e.g. wi th reductants, may be explained by two 
mechanisms: a kinetic mechanism in which the 
protein increases the activation energy or acts 
as a shield separating the interior from the aque-
ous environment, and a thermodynamic mecha-
nism in which the chromophore-protein interac-
tions (conformation, H-bonds and others) change 
the stabilities of the chromophores in such a way 
that they no longer react as free bilins. A distinc-
t ion between the two mechanisms should be pos-
sible by treating the native biliprotein wi th the 
chromophore-selective reagent, and comparing it 
to the denatured pigment treated wi th the reagent 
and subsequently renatured in the presence of the 
same reagent at the same concentration. I f the 
protein acts as a shield, the two procedures should 
yield different products. In this case, the modi-
* A 5mM solution has the following absorbances: 
^ 4 0 0 = 0 , ^ 3 8 o =0 .03 , A 3 6 0 = 0.55. 
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fied chromophore would have to be accomodated 
by the protein. I f the protein interactions do not 
prevent the approach o f the reagent, but rather 
change the stability of the chromophore, one 
would expect identical products from the two 
treatments. 
I f the criterion of renaturation is applied to the 
dithionite reduction studied here (see the reac-
t ion scheme for a survey) the results obtained 
are strong arguments in favor of the thermody-
namic mechanism, in which the protein is trans-
parent to the reductant*, but the chromophore 
stabilized towards reduction. Renaturation o f 
reduced, denatured 1 (= "phycorubin , , ) is always 
accompanied by reoxidation of the type C to the 
type A chromophores. The oxidation is complete 
i f the renaturation is carried out in the absence 
of dithionite, or at a concentration of dithionite 
< 0.5mM (path [ i ] and Fig. 11). Renaturation of 
the protein in the presence of 5mM dithionite 
still leads to partial reoxidation. In the product, 
about 79% of the chromophores are oxidized, 
and 21 % stay reduced (Table 2). The onset of the 
partial reduction of native 1 (path [g]) is brack-
eted by the same two concentrations, and a simi-
lar ratio between oxidized and reduced chromo-
phores is obtained after reducing native 1 at a 
dithionite concentration of 5mM. I f judged from 
the spectroscopic similarity, the same state is 
reached, independently of the way it is reached 
(paths [ a , c , i ] or [ a , c , f ] as compared to native 1 
treated wi th the appropriate dithionite concen-
tration). 
As dithionite solutions can be unstable in open 
systems like the column chromatography used 
' 4 1 > 4 2 ' , the actual concentration of dithionite may 
be lower at the end of the column than originally 
adjusted. While the final concentration has not 
been determined quantitatively, the redox poten-
tial of the eluent has been checked routinely w i t h 
redox indicators. 
In the experiments wi th 5mM dithionite (original) 
leading to the partially oxidized "phycocyanoru-
bins", the redox potential o f the eluent was in 
* Frackowiak and S k o w r o n ' 7 7 ' have recently observed 
the electrooxidation o f phycobiliproteins. The electron 
transfer from the chromophores in the native pigments 
also indicates the transparency o f the proteins towards 
redox reagents. 
each case < - 440 m V , the standard potential o f 
methylviologen. Thus, the chromophores are 
obviously reoxidized during the renaturation 
process at a redox potential sufficiently negative 
to reduce all chromophores o f denatured 1. This 
is illustrated best by a subsequent denaturation 
of the samples, which produced, wi thout further 
addition of dithionite, fully reduced, denatured 1 
("phycorubin", path [e] in the reaction scheme), 
thus excluding any artefacts due to the possible 
destruction of dithionite. 
Free bilirubins are autooxidizable to biliverdins 
The slow oxidation of bi l i rubin in CHCI3 was an 
early ind ica t ion ' 7 8 1 of the intramolecular H-bonds 
present ' 3 6 ' . The dimethyl esters ' 7 8 ' , non- IXa 
isomers ' 3 6 ' and oc tamethy lb i l i rub in ' 7 9 ' incapable 
of forming such bonds are oxidized more rapidly, 
and oxidation is promoted especially by Z n 2 0 ' 6 5 ' 
and other metals preferring square-planar ligands, 
probably due to a template effect o f the me ta l ' 8 0 ! . 
The reoxidation o f i 4 phycorub in , , under denatur-
ing conditions to denatured 1 (path [d] in the 
reaction scheme) has been studied by removal o f 
the dithionite either by dialysis against buffer 
containing 8M urea, or by f i l t rat ion over a desalt-
ing column in the presence of urea. In both cases, 
the chromophores are reoxidized to form dena-
tured phycocyanin. This process is slow, however, 
if compared to the rapid oxidation i f both urea 
and dithonite are removed simultaneously. The 
latter transformation is already visible at the first 
quarter of the column, i f judged from the colour 
change and the reappearance of the red fluores-
cence. While these processes may be under kinetic 
control, the (partial) reoxidation which occurs in 
the presence of dithionite cannot be explained by 
a kinetic control mechanism. Under these condi-
tions, free biliverdins and denatured phycobilipro-
teins become completely reduced, and bilirubins 
or denatured phycorubins remain so, e.g. the 
reduced form is thermodynamically stable. I f the 
chromophores are nonetheless oxidized during 
renaturation, this implies that the redox poten-
tial o f the chromophores* becomes more negative 
during this process. 
* We have been unable so far to define conditions under 
which bil irubin and biliverdin are in rapid thermodynamic 
equilibrium to permit the measurement o f redox poten-
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It has been suggested recently that a major change 
in the chromophores during renaturation is a con-
formational one. Based on spectroscopic argu-
ments a rigid, extended conformation has been 
proposed for the chromophores of native 1 and 
other biliproteins, vs. a cyclic structure in free 
bilins and denatured b i l ip ro te ins ' 1 8 ' . This propos-
al has gained strong support recently from spec-
tral s t u d i e s ' 8 3 ' 8 4 ' o f isophorcabilin (7) and 
sarpedobilins. These pigments are derivatives of 
biliverdin I X 7 which are held in an extended 
conformation by additional bridges between the 
pyrrolic r ings ' 8 5 ' . Spectroscopically, they are very 
similar to native 1. In particular, the high inten-
sity o f the band around 600 nm and the low 
intensity of the near UV band is similar in both 
pigments, and they show a high fluorescence' 8 4 ' 
as compared to b i l i v e r d i n s ' 6 0 ' 8 4 ' . I f such a con-
formational change is indeed the major difference 
between native and denatured biliproteins, the 
results suggest a pronounced conformational 
dependence of the stability of bilins to redox 
reagents. Specifically, the extended conformation 
present in native phycobiliproteins would have a 
redox potential similar to or below that o f the 
dithionite solution (e.g. < - 440 m V ) , because 
the chromophores are not reduced wi th a large 
excess of the reductant present, and i f previously 
reduced, become even oxidized. 
A mechanism to explain this change in the redox 
potential could be the change of the ridge-tile 
conformation typical for b i l i r u b i n s ' 3 6 ' 3 7 ' (C in 
Fig. 1) into a coplanar, extended conforma-
t i o n ' 1 8 ' (like A) during the refolding of the pro-
tein. While in the former, the two 7r-systems 
are efficiently uncoupled, the interactions be-
tween the two coplanar halves in the latter con-
tials (see above). The observation o f irreversible steps in 
the electrochemical oxidation o f bilirubin to biliverdin 
180,81J a n c j vice versa point to the same diff icul ty. Thus 
the A G 0 of the reaction between dithionite and bi l i -
verdin is not yet accessible experimentally from a redox 
t i t rat ion, but the above results demonstrate that a reduc-
tion - reoxidation equilibrium must exist, and that it 
is different for the native and the denatured pigments. 
The molecular orbital calculations o f P u l l m a n ' 8 2 ' in-
dicate a high electron affinity of biliverdin in an un-
specified conformation. To our knowledge, a conforma-
tion dependence of the redox properties has not yet 
been investigated. 
formation would facilitate its oxidation. A simi-
lar template effect has been invoked to account 
for the decreased oxidation potential of bilirubin 
complexes w i t h metals preferring a square-planar 
conf igura t ion ' 8 0 ' . 
Assuming such a conformational change between 
a noncoplanar ridge-tile structure (C in the reac-
tion scheme) and a coplanar extended structure 
(like A in the reaction scheme) as the crucial step 
during renaturation, it is possible to estimate the 
upper limits for the energetics of this process. 
The known activation energies for geometric 
changes o f bile pigments are A G * = 74.8 kJ/mol 
for the inversion of a derivative o f b i l i r u b i n ' 8 6 ' , 
A G * = 42 kJ/mol for the inversion of a bil i-
v e r d i n ' 8 7 ' and A G * = 105 kJ/mol for the Z, E 
isomerization o f a b i l i v e r d i n ' 8 8 ' . For the latter 
process, a free energy difference o f A G 0 = 20 kJ/ 
mol has been de te rmined ' 8 8 ' which probably 
reflects mainly the increased steric hindrance in 
the E-isomer. Studies wi th space-filling models 
for the stepwise unfolding o f the bi l in chromo-
phore (Fig. 14) indicate that the first step always 
increases the steric hindrance and decreases the 
possibility o f forming H-bonds, but that these 
factors balance for each subsequent step, as long 
as the strongly hindered E, ^ / - con fo rma t ions 
are avoided. 
Under these assumptions, the energetics of, for 
example, the cited Z, E-isomerisat ion' 8 8 ' as the 
first step give a first order estimate for the entire 
unfolding process in the range A G * < 100kJ/ 
mol and A G 0 < 20 kJ/mol .* 
The free activation enthalpy is in a range thermal-
ly accessible at room temperature, and there are, 
besides the cited quantitatively studied processes, 
a variety o f isomerizations of bile pigments known 
to occur at room temperature. These include 
(probably Z , E ) isomerizations of b i l i rub ins ' 9 0 ' , 
conformational changes of bil irubin and biliverdin 
bound to serum a l b u m i n ' 7 4 ' 7 5 1 , induction of 
optical activity in chiral so lu t ions ' 3 4 ' , and the 
like. 
* This reasoning has ignored any possible stabilizing 
interactions between the bilin chromophore and the 
protein. I t is interesting in this respect, that nicotinamide 
dinucleotides bind in a maximally extended conforma-
tion to flexible protein regions in certain reductases ' 8 9 ' . 
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Fig. 14. The intcreonversion o f 
cyclic and extended conforma-
tions o f bile pigments by rota-
tion around the 14,15-singlc and 
A 10,11-double bond. 
Steric hindrance and H-bonding 
between adjacent groups are 
indicated. The cyclic structure 
is predominant in solution 
133-35J | n this conformation, 
the steric hindrance is relieved 
only by small deformations of 
the methine bridges from planar-
i ty , thus forming a helix. 
The required free energy would have to be pro-
vided by the protein. The free stabilization energy 
of macromolecules, e.g. the free energy differ-
ences AG°^ 2 Q of native vs. forms denatured by 
urea or quanidinium chloride, at or near neutral 
pH, and at ambient temperature, have been deter-
mined carefully for several substances: ribonucle-
ase (40 .5 t 9 1 1 and 54.3 kJ /mol ' 9 2 1) , lysozyme (59.3 
k J / m o l ' 9 3 J, a-chrymotrypsin (51.4 k J / m o l ' 9 4 ' ) , 
several cytochromesc (53.1—64.4 k J / m o l ' 9 4 ' ) and 
myoglobins (49.3-59.8 kJ /mol ' 9 2 1) . 
Although the values vary considerably, depend-
ing on the corrections used (see Lapanje ' 9 5 ' and 
Pace' 9 6 ! for a discussion), these values would suf-
fice to unfold at least two to three chromophores, 
i f the proteins of 1, 2 and 4 had similar stabiliza-
tion energies. The molecular weights of the en-
zymes cited are similar to or less than that of one 
sub-unit of a biliprotein bearing one to a maxi-
mum of four c h r o m o p h o r e s ' 1 ' 2 , 4 ' 7 ' . Recently, 
A G ^ o has been determined for phycocyanins 
from a variety of cyanobacteria of different bio-
topes ' 9 7 ! . With the exception of a 1 from a halo-
philic cyanobacterium, values between 10.0 and 
22.2 kJ/mol at pH = 6.0 have been found, using 
corrections similar to those used in the enzyme 
studies cited above. The highest value for the 1 
from a mesophilic organism is as low as 17.6 kJ/ 
mol . One might speculate that the pronounced 
decrease in AG°_ j 2 0 from the enzymes cited above 
to 1 is due to the free energy required to bring 
the chromophores from the cyclic into an ex-
tended conformation. 
Conclusions 
One of the remarkable aspects o f proteins is their 
ability profoundly to alter the properties of small 
molecules bound to them. In the case of bilipro-
teins, these alterations are entirely due to non-
covalent interactions between the linear tetrapyr-
rolic chromophores, and the proteins, even though 
they are covalently linked. There are two principal 
control mechanisms of the protein, a kinetic and 
a thermodynamic one. The results o f denatura-
tion - renaturation and reduction - oxidation 
experiments summarized in the reaction scheme 
can only be explained by a thermodynamic con-
trol mechanism. While the results do not allow 
any conclusions about an additional kinetic con-
t ro l , a purely kinetic effect cannot explain the 
cyclic scheme leading to the same pigments ir-
respective of the reaction pathway. 
On a molecular level, the factors responsible for 
the increased stability towards reduction are 
still open to speculation. One such speculation, 
derived from the known conformational change 
of the flexible tetrapyrrole chromophore induced 
by the protein, implies different chemical stabili-
ties for different conformations o f the chromo-
phores. This working hypothesis, which has ob-
vious implications for chromoproteins wi th simi-
larly flexible chromophores (e.g. carotenopro-
teins, rhodopsins), has to be tested by other modi-
fication procedures and studies wi th suitable mod-
el compounds. 
Note added in proof (18Mai 1979): We are aware of the 
work of G. Blankenborn and E.G. M o o r e ' 9 8 ' on the 
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stepwise reduction o f N A D 0 analogs with sodium 
dithionite via a reversibly formed sulfinate addition 
product, which is stable only at high pH (> 8.5). AH ex-
periments wi th biliproteins in the preceding study have 
been performed at pH 7.5, and the model reactions with 
free bile pigments included acidification to pH 2.7 dur-
ing workup. The latter gave no indications o f inter-
mediates, but studies at higher p H and wi th other reduc-
tants shall clarify if sulfinate adducts are accessible, too, 
from bilindiones and in case establish their properties. 
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kg, g, mg, Mg, etc. 
g / c m 3 
S = 1 0 - 1 3 s 
n Substanzmenge 
M molare Masse (m/n) 
Masse eines Molekül s 
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g /mol 
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unendlich großer Substrat-
konzentration 
mol/s (oder mmol , 
Mmol oder nmol/s , 
etc .) , besser als 
Mmol/min 
/ L i ch t in tens i tä t 
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A A b s o r p t i o n d (-- Ig D 
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